Abstract. Bacterial meningitis is an important cause of morbidity and mortality in children living in low-resource settings. Pediatric bacterial meningitis cases < 5 years of age were identified through a regional hospital surveillance system for 3 years after introduction of routine immunization with Haemophilus influenzae type b (Hib) conjugate vaccine in Senegal in July 2005. Cases from the national pediatric hospital were also tracked from 2002 to 2008. The regional surveillance system recorded 1,711 suspected pediatric bacterial meningitis cases. Of 214 laboratory-confirmed cases, 108 (50%) were caused by Streptococcus pneumoniae , 42 (20%) to Hib, and 13 (6%) to Neisseria meningitidis . There was a 98% reduction in the number of hospitalized Hib meningitis cases from Dakar Region in 2008 compared with 2002. The surveillance system provides important information to the Ministry of Health as they consider self-funding Hib vaccine and introducing pneumococcal vaccine.
INTRODUCTION
Pediatric bacterial meningitis (PBM) is an important cause of child morbidity and mortality in low-resource settings. [1] [2] [3] The Pediatric Bacterial Meningitis Surveillance Network in the World Health Organization (WHO) African Region (AFRO PBM Network) reports that, from 2002-2008, there were over 74,500 cases of suspected PBM identified in children < 5 years of age in 24 countries in the African Region. 4 Among the 4,674 children with cerebrospinal fluid (CSF) specimens culturepositive for the three bacteria under surveillance, 47% were positive for Streptococcus pneumoniae , 34% for Haemophilus influenzae type b (Hib), and 19% for Neisseria meningitidis .
Supported by the GAVI Alliance (formerly The Global Alliance for Vaccines and Immunization), the Ministry of Health (MOH) of Senegal introduced the pentavalent diphtheria-tetanus-pertussis (DPT)-hepatitis B-Hib conjugate vaccine into routine immunization in July 2005. Hospital surveillance for PBM started in Senegal in January 2002 at the national pediatric hospital and expanded to seven regions of the country in February 2006. This expanded PBM surveillance system provides important regional data to the MOH as they consider self-funding the relatively expensive Hib conjugate vaccine once the GAVI Alliance donation ends and prepare to introduce additional vaccines against bacterial meningitis.
In this work, we present PBM data reported from the regional surveillance system for the 3 years after Hib conjugate vaccine introduction in Senegal. Data from the national hospital are presented for 3 ½ years both before and after introduction of Hib vaccine. We recommend that the MOH maintain the regional PBM surveillance system and continue to strengthen laboratory capacity in regional sentinel hospitals.
MATERIALS AND METHODS
Hospital surveillance study area and population. The MOH began PBM surveillance in children < 5 years of age in Senegal as part of the AFRO PBM Network at the national pediatric hospital, Albert Royer, in Dakar in January 2002. The estimated population of children < 5 years of age in Dakar Region was 269,900 in 2002. 5 In February 2006, the Hib Impact Project, a collaboration between the Senegal MOH and PATH, an international, nonprofit organization, expanded PBM surveillance to a second hospital in Dakar, Hôpital Aristide Le Dantec, and six regional hospitals in Diourbel, Kaolack, Saint Louis, Tambacounda, Thiès, and Ziguinchor regions ( Figure 1 ). During the study period, these regions comprised 74% of the population of Senegal, including 1,312,300 children < 5 years of age in 2006. 5 (Three new regions were created in Senegal in September 2008 for a total of 14; in this article, we use the former designation of 11 regions and their boundaries.)
Case definition and data collection. Pediatric bacterial meningitis cases were identified using WHO surveillance definitions and protocols. 6, 7 Suspected bacterial meningitis was defined as clinical illness in children 0 to 59 months of age consistent with meningitis, including sudden onset of fever (≥ 38°C axillary or ≥ 38.5°C rectal) and one or more of the following: stiff neck, bulging fontanelle, poor sucking, altered consciousness, irritability, seizures, other meningeal signs, toxic appearance, and petechial or purpural rash. Probable bacterial meningitis was defined as a suspected case with leukocytosis (> 100 white blood cell/mm 3 with > 60% neutrophils) in CSF or a turbid ("cloudy") CSF if the white blood cell count was not available. Laboratory confirmation of the etiologic agent was made by one of the following: 1) bacteria isolation from CSF by culture, 2) antigen detection from CSF by latex agglutination, or 3) bacteria isolation from blood if the child met criteria for probable bacterial meningitis.
Beginning in January 2002 at Albert Royer Hospital, information was collected on patient demographics, vaccination history, bacterial culture and latex laboratory results, and disease outcome (recovery or death). A child was reported to have died of bacterial meningitis if this was indicated either on the PBM surveillance form or in hospital discharge records. With the advent of regional surveillance in February 2006, the PBM surveillance case investigation form was revised to include additional information on clinical presentation and antibiotic use and sensitivity; it also expanded disease outcome classifications to include referral, complications, and loss Laboratory methods. Lumbar puncture was routine practice for suspected bacterial meningitis cases at all study hospitals during the study period. The CSF samples were cultured on chocolate agar made with horse blood using standard operating procedures adapted from the WHO laboratory manual for diagnosing bacterial meningitis. 8 Streptococcus pneumoniae , H. influenzae, and N. meningitidis species were identified by Gram stain, colony morphology, dependency on X and V growth factors for Hib, optochin sensitivity for S. pneumoniae , and serotyping (Difco Laboratories, Detroit, MI). Blood culture was performed using biphasic culture medium (Hemoline performance diphasique, bioMérieux, Marcy-l'Etoile, France). Specific etiologic antigens were also detected by latex agglutination of CSF (Pastorex, Sanofi Diagnostics Pasteur, Marnes-la-Coquette, France, or Slidex, bioMérieux, Marcy-l'Etoile, France).
Data management and statistical analysis. Surveillance data were entered into a Microsoft Access 2003 database (Microsoft Corporation, Redmond, WA) and were analyzed with Access and Epi Info, version 3. The Hib conjugate vaccine schedule includes three dosesgiven at 6, 10, and 14 weeks of age-administered concurrently with oral polio vaccine. No catch up campaign was held for children previously unvaccinated with Hib, and there is no national policy related to vaccination of children beyond 11 months of age in Senegal. 10 The proportion of children < 1 year of age immunized with three doses of diphtheria, pertussis, and tetanus vaccine 
RESULTS

Regional PBM surveillance, 2006-2008. Suspected cases.
There were 1,711 suspected PBM cases in children < 5 years of age identified through the regional surveillance system from 2006 to 2008 ( Table 2 ) ; 1,695 of 1,711 (99%) of suspected cases had CSF drawn through lumbar puncture. Laboratory tests (blood or CSF culture and/or latex agglutination) were performed on 1,691 specimens. Of the 1,653 children who received a CSF or blood culture, 139 were positive (136 CSF and 3 blood); overall culture positivity was 8% (139/1,653). Latex agglutination was performed on 881 (52%) CSF specimens; among these, 20% (176/881) were positive. Out of 1,656 suspected cases with partial or full information available on use of antibiotics, 631 (38%) received antibiotics before their CSF draw.
Confirmed cases. Overall, 214 laboratory-confirmed bacterial meningitis cases were reported ( Table 2 ) . Fifty percent (108/214) of these were caused by S. pneumoniae , 20% (42/214) to Hib, and 6% (13/214) to N. meningitidis . One hundred one of the 214 children were confirmed positive by both latex and culture (47%), whereas 74 (35%) were latex positive but culture negative, and 32 (15%) were positive by culture but negative by latex ( Table 3 ) . Excluding two children with missing data, 71% of confirmed cases (150/212) were < 1 year of age and 87% (185/212) were < 2 years of age ( Table 4 ) . Streptococcus pneumoniae and Hib were more likely to be found in children < 1 year of age compared with N. meningitidis (66% and 69%, respectively, versus 42%). Thirty-eight percent (30/80) of all confirmed cases with information on antibiotic use received antibiotics before their CSF draw; antibiotic use before CSF draw was highest for children with N. meningitidis , with 80% (4/5) ( Table 5 ). Average duration of hospital stay was 12 days (range 0-68); children with N. meningitidis were more likely to have a stay of longer than 1 week compared with those with S. pneumoniae and Hib (92% versus 48% and 65%, respectively). For those discharged alive, the average length of stay was 17 days for children with both S. pneumoniae and Hib and 13 days for children with N. meningitidis , compared with 3, 4, and 14 days, respectively, for children who died in the hospital.
Information on clinical outcome at hospital discharge was available for 206 of 214 confirmed cases ( Table 4 ) . Case fatality was 49% (49/101) for S . pneumoniae compared with 36% (15/42) for Hib and 8% (1/13) for N . meningitidis . Data collected for a case-control study on vaccine effectiveness identified an additional three deaths in Hib cases < 2 years of age who were discharged from the hospital with known complications (Fleming JA, personal communication ), bringing the total case fatality of Hib meningitis to 43% (18/42 
DISCUSSION
Performance indicators for countries in the AFRO PBM Network include a target of 80% of clinically suspected bacterial meningitis cases receiving a lumbar puncture and 20% of purulent (> 100 white blood cells or turbid CSF) CSF specimens showing bacterial growth. 7 The Senegal regional surveillance system exceeded these targets, as 99% of suspected PBM cases had CSF drawn and 53% of purulent CSF samples were culture positive. This is similar to 2002-2008 data from over 22 African countries in the AFRO PBM Network, reporting 97% and 46%, respectively, for these indicators. 4 Thirteen percent of suspected PBM cases reported to the regional surveillance system in Senegal were laboratory-confirmed; the AFRO PBM Network reported 7% (4,674/69,208).
Disease burden cannot be calculated using passive, sentinel surveillance as there is a high probability of incomplete case ascertainment and the catchment population is usually not well defined. The PBM surveillance in Senegal relied on sentinel hospitals in seven of eleven regions; however, referral from outside surveillance areas did occur: seven confirmed cases (3%) came from the regions of Fatick, Kolda, Louga, and Matam, which were not part of the surveillance network. Although the severity of meningeal symptoms often prompts swift medical attention, rural populations have less access to health care, and cases from these areas are less likely to be identified by a sentinel surveillance system. 11 From 2006 to 2008, 48% of PBM cases came from Dakar Region, and while it has the highest population, it is also the area with the highest proportion of urban to rural population. Meanwhile, no cases were reported from the predominantly rural region of Ziguinchor. Extrapolating the average number of cases reported in the remaining five surveillance regions (excluding Dakar and Ziguinchor) per the population < 5 years of age, 5 we would expect to have seen at least 10 PBM cases in Ziguinchor over the surveillance period. It is therefore likely that cases were missed from this and other predominantly rural areas, and from regions without a surveillance reference hospital.
Even if a child with suspected PBM is seen at a health facility, true cases may be missed through failure to perform lumbar punctures, inappropriate specimen handling, and improper laboratory techniques. 11, 12 In Senegal, however, 99% of suspected PBM cases reported in the project period received a lumbar puncture. False-negative cultures have been reported elsewhere caused by poor media preparation and suboptimal culture conditions. 13 Field reports in Ziguinchor cited insufficient laboratory materials as one potential factor contributing to the lack of PBM cases identified in the region. Our case ascertainment was likely improved by conducting training for clinical and laboratory staff from surveillance regions on proper diagnosis and standard laboratory procedures. Correct identification of organisms at the species level rose from 43% in 2006 to 92% in 2008.
14 However, challenges were still reported in bacteria identification; on the second and third proficiency tests, respectively, 45% and 66% of participants correctly identified organisms to the serotype level (results unavailable for the first test).
Antibiotic use before CSF collection may lead to an underestimate of true case numbers through inhibiting bacterial growth in culture.
11 Thirty-eight percent of both suspected and confirmed cases reported use of antibiotics before their CSF draw, which may have contributed to the low percentage of laboratory-confirmed cases (13%). Additional use of latex agglutination for detecting antigen likely improved our laboratory sensitivity over culture results alone. Eighty-two percent of confirmed cases were latex positive, whereas only 65% tested positive by culture.
A decrease in confirmed Hib meningitis cases was seen in children identified through the regional PBM surveillance system over the 3 years after Hib conjugate vaccine was introduced in Senegal. Although the number of Hib cases in children < 5 years of age decreased from 30 in 2006 to just four in 2008, the number of S. pneumoniae or N. meningitidis cases reported through the regional system remained relatively Table 3  Suspected and confirmed 12 Ribiero and others 20 reported an 8-fold increase in the incidence of meningitis from H. influenzae serotype a in the year after Hib vaccine introduction in Brazil (coincident with a 69% decrease in incidence of Hib meningitis), whereas Cowgill and others 16 reported no increase in Hib disease caused by non-b typable or noncapsular H. influenzae serotypes in Kenya.
Although it is likely that the use of Hib conjugate vaccine contributed to the decrease in the number of Hib cases recorded in the 3 years after vaccine introduction, with high immunization coverage in Senegal (69-97% in surveillance regions in 2008), it is also possible that indirect effects of vaccination may have contributed to the decline. Herd immunity, the protection of unvaccinated individuals through reduced transmission from those vaccinated, has been well documented with Hib conjugate vaccines specifically through a reduction in nasopharyngeal colonization by the bacteria. 21, 22 Adegbola and others 23 reported a 60% reduction in oropharyngeal carriage in the second year of life in children fully vaccinated during infancy in The Gambia.
Albert Royer Hospital is the only health facility in Senegal to systematically track PBM cases both before and after Hib conjugate vaccine introduction. From 2002 to 2004, Hib was the leading cause of laboratory-confirmed PBM in children < 5 years of age presenting at the hospital, representing 54% of all confirmed cases resident in Dakar Region. Streptococcus pneumoniae and N. meningitidis represented 31% and 2% of confirmed cases from the region, respectively. In the three years after Hib conjugate vaccine introduction, S. pneumoniae replaced Hib as the leading cause of PBM in Dakar Region (54% versus 16%, respectively).
Although introduction and wide coverage of the Hib conjugate vaccine likely contributed to the decline in the number of Hib cases in Dakar Region, reasons for the slight decrease in the number of reported pneumococcal cases from Albert Royer Hospital in the years after Hib conjugate vaccine introduction remain unclear. The improvements seen in laboratory capacity would likely have increased case ascertainment over the life of the project for all bacterial species, leading to an increase in case numbers over time, which was not seen. Information was not collected on antibiotic use before CSF draw before regional surveillance began in 2006, or on health care utilization differences over time, both of which may have impacted disease trends. One possible contribution to the decline in both Hib and S. pneumoniae meningitis cases from Dakar Region may be the introduction from 2003 to 2006 of several community-based health programs, including education for parents in nutrition and sanitation and the introduction of Community-based Integrated Management of Childhood Illness, which included the recognition of illness danger signs and enabled parents to provide antibiotics for signs of pneumonia to their children at home. However, as discussed previously, similar reductions in S. pneumoniae meningitis cases were not reported throughout the country by the regional system from 2006 ). Although it requires more space in the cold chain, a single-dose vaccine presentation likely decreases wastage and improves coverage through reducing health worker reticence of opening a multi-dose vial for a single child in need of vaccination. Furthermore, being fully liquid, Quinvaxem ® vaccine does not require a dilution syringe, ensuring the correct formulation and dosage while being cost saving.
The Hib Impact Project came to an end in December 2008. Continued maintenance of the regional PBM surveillance system and laboratory capacity built by the project is important for several compelling reasons. At US$3.50 for each dose, Hib conjugate vaccine is relatively expensive. If the MOH had been responsible for funding Hib conjugate vaccine, based on the 2008 birth cohort, their annual vaccine expenditures would have doubled compared with the vaccine budget without the Hib antigen included. With high vaccine costs and the end of the GAVI Alliance donation on the horizon, reliable data on which to base vaccine funding decisions is imperative. A regional PBM surveillance system will continue to be necessary to monitor the long-term impact of Hib vaccination in the country and has the capacity of alerting the MOH to outbreaks or epidemics of meningococcal disease. Looking toward the future, strong PBM surveillance will allow an informed decision by the MOH regarding the appropriate choice of serotypes for the forthcoming pneumococcal vaccine and provide critical baseline information for evaluating the impact of this (17) and other vaccines against bacterial meningitis introduced in the future.
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